While many epidemiological studies have studied the association between lung cancer risk and fruits and vegetable consumption (the major sources of antioxidant vitamins), only a few have investigated the direct association with antioxidants in consideration of cancer subtypes and smoking status. Here, we examined the association between consumption of antioxidant vitamins and lung cancer risk in one of the largest prospective cohort studies in Japan. We investigated the association of dietary antioxidant vitamins intake, namely retinol, vitamin C, vitamin E, a-carotene, and b-carotene and subsequent incidence of lung cancer among 38,207 men and 41,498 women in the Japan Public Health Center-based prospective study. Cox proportional hazard regression was performed with adjustment for potential confounders and by strata of cancer subtypes and smoking status. Antioxidant and other dietary intakes were assessed using a food frequency questionnaire (FFQ). During 1,233,096 person-years of follow-up between 1995 and 2013, a total of 1,690 lung cancer cases were newly diagnosed. In a multivariate regression model, while higher retinol intake was positively associated with overall lung cancer risk in men (HR 1.26; 95% CI 1.05-1.51; p trend 5 0.003), the estimates were more evident with small cell carcinoma (HR 1.92; 95% CI 1.13-3.24; p trend < 0.001). Null associations were observed for other antioxidant vitamins. Our prospective study suggests that higher consumption of retinol may be associated with an increased risk of lung cancer in men, especially with small cell carcinoma, although confirmation is required.
the most common antioxidants, plays a key role in blocking carcinogenesis by protecting cells from oxidative DNA damage. 13 Vitamin E, another group of liposoluble antioxidant nutrients consisting of tocopherols and tocotrienols, acts by blocking propagation of free radical reactions. 14 Historically, the notion that fruits and vegetables may decrease lung cancer risk led to the implementation of large clinical trials in Finland 15 and the United States. 16 These revealed an elevated risk of lung cancer among smokers and/or participants with asbestos exposure who took daily supplementation of b-carotene and/or retinol. Dietary consumption of vitamin E, in contrast, was found to have a protective effect among current smokers. 14 However, while prospective studies of fruits and vegetable intake and lung cancer risk have been widely conducted in Europe and North America, 17 evidence on specific dietary antioxidants remains scarce, particularly from Asian populations. One Japanese study on the association between vegetable and fruits consumption and lung cancer risk reported a null association, but did not include antioxidant vitamins, 18 while a more recent Chinese study found an inverse association with dietary carotenoid intake. 19 Moreover, a comprehensive report by the World Cancer Research Fund (WCRF)/American Institute for Cancer Research (AICR) in 2007 concluded that there was limited evidence to suggest that dietary antioxidants had an effect on lung carcinogenesis. 20 Despite differences in smoking prevalence and dietary patterns between Japan and other regions, including China, no prospective study has investigated the direct association between dietary antioxidants and cancer risk.
Here, we conducted a population-based prospective study to investigate the association between antioxidant vitamins intake and risk of subsequent lung cancer.
Materials and Methods

Study population
The Japan Public Health Center-based Prospective Study (JPHC Study) is an ongoing cohort study designed to explore the association between lifestyle factors and the incidence of diseases. 21 A total of 140,420 residents (68,722 men and 71,698 women) in 11 public health center (PHC) areas nationwide (Iwate-Ninohe, Akita-Yokote, Nagano-Saku, TokyoKatsushika, Okinawa-Chubu, Niigata-Nagaoka, Ibaraki-Mito, Osaka-Suita, Kochi-Chuohigashi, Nagasaki-Kamigoto, Okinawa-Miyako) aged 40-69 years at the time of the baseline survey were registered between 1990 and 1994. Details of the JPHC Study have been provided elsewhere. 21 Participants from the Tokyo-Katsushika (n 5 7,097) and Osaka-Suita (n 5 16,427) PHC areas were not included in this study due to the unavailability of complete data on cancer incidence. Participants with non-Japanese nationality (n 5 51), precommencement emigration outside the study area (n 5 170), incorrect birth date (n 5 4) or duplicate registration (n 5 4) were regarded as ineligible. People who died or moved out before the 5-year follow-up survey were also excluded (n 5 9,027). Of 91,218 participants who returned a completed self-administered 5-year follow-up questionnaire (response rate: 84.7%), we further excluded those with missing data on cigarette smoking (n 5 4,218) and those who reported extreme caloric intake (upper and lower 2.0%, n 5 4,542) or a past history of cancer at any site (n 5 2,753). The final analytic cohort consisted of 38,207 men and 41,498 women. This study was approved by the institutional review boards of the National Cancer Center (approval number: 13-021) and the University of Tokyo (approval number: 10508).
Exposure measurement
Dietary information used in the JPHC Study was collected using a validated self-administered food frequency questionnaire (FFQ). This study used the dietary consumption of major antioxidant vitamins, namely, retinol, vitamin C, vitamin E (sum of a-, b-, g-and d-tocopherols), a-carotene and b-carotene, as assessed at the 5-year follow-up survey. In the FFQ, participants were asked to report an average frequency and portion size of 138 food and beverage items consumed What's new? Despite many studies on the benefits of fruits and vegetables in cancer prevention, it is still unclear how antioxidant vitamins affect lung cancer risk. Here, the authors conduct a large prospective study on a Japanese population over an 18-year follow up period. Using a questionnaire, they collected information on intake of vitamin E, vitamin C, retinol, alpha-carotene and beta-carotene, and then looked at lung cancer cases. Retinol was associated with a higher risk of lung cancer, but only in men. They observed no increase associated with the other vitamins, in men or women.
in the past year. Consumption of seasonal vegetables and fruits was calculated by asking about the frequency of intake, with consideration to the length of each season. The consumption of daily nutritional intake was then calculated with reference to the Standard Tables of Food Composition in  Japan (5 th revised and enlarged ed.), and the amount of each antioxidant vitamin from each food item was then estimated. 22 Vitamin intakes from supplements were not included as exposures in this study. All nutritional covariates except alcohol were adjusted for total energy intake using the residual method. The validity of the questionnaire was evaluated using dietary records for 28 days (1-week dietary records measured quarterly) or 14 days. Spearman's rank correlation coefficients between the dietary records and antioxidant vitamins estimated from the FFQ were moderate (from 0.31 for vitamin C in women to 0.52 for a-carotene in women) and its reproducibility was sufficiently reasonable.
23-25
Follow-up and case ascertainment Participants were followed from the date of the 5-year follow-up survey until censored on the date of lung cancer diagnosis, date of death, date of migration out of the study area or the end of follow up (December 31, 2013), whichever happened first. Death certificates were used with the permission of the Ministry of Health, Labor, and Welfare to confirm the cause of death with the International Statistical Classification of Diseases and Related Health Problems, Tenth Revision. 26 Identification of lung cancer cases was conducted through patient notification from major local hospitals in each PHC area and record linkage with data from population-based cancer registries. Death certificates were used to supplement information on diagnosis; 6.6% of lung cancer cases in this study were ascertained from death certificates only.
Cancer diagnosis was microscopically confirmed in 79.3% of the cases and coded with the International Classification of Diseases for Oncology, Third Edition (C34.0-34.9). 27 Histological subtypes were classified into adenocarcinoma, squamous cell carcinoma, small cell carcinoma and other types according to the World Health Organization's classification of lung tumors. 28 Where a participant had multiple incidences of lung cancer, only the first incidence was used.
Statistical analysis
Cox proportional hazards regression was used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for antioxidants consumption with lung cancer incidence. Participants were divided into four groups according to antioxidant vitamins intake, with the lowest consumption group as the reference. Multivariable models were adjusted for age (continuous), PHC area (9), smoking status (never or 1-19, 20-29, 30-39, 40-49 , 50-59, 60 pack-years for current and former smokers), alcohol consumption (0, 1-149, 150-299, 300-449, 450 g of ethanol/week), vitamin supplement use (yes or no) and energy adjusted in takes of fruits, vegetables, fish and isoflavone (continuous). Furthermore, intake of dietary antioxidant vitamins was modeled as continuous variable (HRs per 10 mcg/day intakes of retinol, a-carotene and bcarotene and 1 mg/day intakes of vitamin C and vitamin E) to investigate the dose-response relationship. p values for trends were calculated by assigning a continuous variable from the median value for each antioxidant intake in the regression models. p values for interaction were calculated using likelihood-ratio tests comparing Cox proportional hazards models with and without cross-product terms for the combination of lung cancer subtypes and antioxidants intake or smoking status and antioxidants intake, with antioxidant vitamins as continuous terms. Additional analyses by strata of histological subtype were conducted to test for heterogeneity. To explore potential variance by smoking status and estimate cumulative smoking exposure, we incorporated the information on age of smoking initiation and cessation from the baseline survey as it was asked only at baseline and not on subsequent follow-up questionnaires. Pack-years were calculated for current and former smokers at the time of the 5-year follow-up survey by multiplying the average number of cigarette packs (assuming 20 cigarettes per pack) smoked per day with the number of years smoked in male subjects who responded in both the baseline and 5-year follow-up questionnaires (n 5 16,475). All covariates, except for the partial information used to calculate pack-years, were assessed at the 5-year follow-up survey (see Tables 2 and 3 for details). The proportional hazards assumption was tested with the Schoenfeld residual and shown to be insignificant. To avoid potential bias due to undiagnosed lung cancer, sensitivity analyses were conducted after excluding lung cancer cases diagnosed in the first 5 years of follow-up. All statistical analyses were performed with Stata MP version 14.0 (StataCorp, College Station, Texas USA).
Results
Over the course of 1,233,096 person-years (average of 15.5 years) of follow-up, a total of 1,690 participants (1,237 men and 453 women) were newly diagnosed with lung cancer. Of the 1,340 cases with specified histology, more than half were adenocarcinomas (n 5 724). Participants with higher intakes of antioxidant vitamins tended to drink and smoke less, and consumed more vegetables and fruits (Table 1) .
In multivariate models adjusted for age, PHC area and other confounding covariates, only the positive association between retinol intake and lung cancer risk among men remained evident (HR 5 1.26; 95% CI 5 1.05-1.51; p trend 5 0.003; comparing the highest with the lowest intake quartile). In women, while statistically nonsignificant, we observed that consumption of vitamin C, a-carotene and bcarotene were positively associated whereas retinol and vitamin E were negatively associated with overall lung cancer risk; the corresponding HRs for multivariate models were 1.37 for vitamin C (95% CI 5 0.92-2.05; p trend 5 0.138; comparing the highest with the lowest intake quartile), 1.33 for a-carotene (95% CI 5 0.98-1.80; p trend 5 0.064), 1.48 for
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Narita et al. 91 (55) 86 (49) 96 (51)
<0.001
Meat (g/day), mean (SD)
47 (40) 52 (39) 57 (36) 81 (47) <0.001 50 (43) 52 (38) 58 (36) 79 (45)
Vegetables (g/day), mean (SD)
134 (102) 136 (87) 133 (82) 141 (86)
255 (161) 243 (134) 235 (130) 235 (130)
Fruits (g/day), mean (SD)
87 (85) 92 (81) 88 (74) 94 (76)
281 (215) 256 (178) 245 (170) 241 (173)
Isoflavone (mg/day), mean (SD)
36 (30) 36 (27) 36 (24) 37 (24) <0.001 45 (37) 42 (29) 42 (27) 43 (28) <0.001
Retinol (mcg/day), mean (SD)
105 (43) 264 (56) 499 ( 63 (42) 56 (37) 49 (35) <0.001
Vegetables (g/day), mean (SD) 69 (38) 112 (47) 149 (64) 214 (114) <0.001 143 (69) 210 (85) 263 (107) 352 (177)
35 (29) 66 (41) 97 (53) 163 (104) <0.001 123 (85) 202 (100) 271 (127) 427 (234)
31 (28) 35 (26) 38 (25) 40 (26) <0.001 40 (34) 42 (30) 44 (28) 45 (29) <0.001
Vitamin C (mg/day), mean (SD)
33 (10) 58 (7) 83 (9) 137 (36) <0.001 76 (20) 124 (12) 168 (15) 257 (61)
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Alcohol intake (g/week), mean (
340 (330) 220 (231) 159 (189) 99 (150) <0.001 26 (113) 10 (41) 8 (36) 6 (27) <0.001
Dietary intake 1 Total energy intake (kcal/day), mean (SD)
2215 (676) 2246 (669) 2209 (662) 2066 (652) 0.004
1855 (632) 1915 (570) 1915 (556) 1803 (570)
Fish (g/day), mean (SD)
55 (36) 72 (40) 83 (45) 92 (57)
75 (47) 90 (46) 97 (50) 101 (62)
43 (31) 57 (36) 65 (43) 72 (52) <0.001 52 (39) 61 (39) 62 (41) 63 (48) <0.001
75 (44) 111 (52) 145 (64) 214 (113) <0.001 148 (74) 204 (83) 254 (98) 362 (176)
62 (68) 85 (74) 100 (77) 114 (87) <0.001 232 (198) 255 (174) 262 (167) 275 (199)
22 (12) 30 (15) 38 (19) 55 (38) <0.001 26 (15) 36 (18) 44 (22) 64 (44)
Vitamin E (mg/day), mean (SD)
10 (2) 15 (1) 18 (1) 24 (5) <0.001
16 (3) 21 (1) 25 (1) 32 (6 
262 (294) 221 (247) 187 (233) 144 (203) <0.001 21 (94) 13 (65) 10 (48) 6 (32)
2190 (704) 2261 (650) 2246 (691) 2039 (602) <0.001 1895 (624) 1951 (607) 1920 (547) 1723 (528)
68 (48) 75 (43) 79 (46) 81 (50) <0.001 87 (55) 92 (49) 93 (50) 92 (56)
60 (46) 58 (39) 61 (41) 62 (45) <0.001 62 (47) 60 (39) 59 (39) 58 (43) <0.001
83 (62) 114 (65) 142 (70) 207 (104) <0.001 164 (107) 209 (106) 249 (109) 346 (159) <0.001
73 (75) 89 (78) 96 (78) 103 (83) <0.001 248 (201) 256 (177) 260 (178) 259 (185) <0.001
33 (29) 35 (25) 37 (25) 39 (26) <0.001 41 (34) 42 (29) 43 (28) 46 (31) <0.001
53 (28) 151 (31) 291 (53) 767 (551) <0.001 161 (79) 402 (70) 695 (106) 1642 (1082) <0.001
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<0.001
288 (308) 217 (241) 180 (222) 129 (185) <0.001 23 (103) 12 (54) 9 (40) 6 (32)
2201 (696) 2240 (674) 2228 (660) 2067 (629) <0.001 1886 (634) 1929 (589) 1895 (543) 1779 (558)
64 (46) 75 (44) 81 (45) 83 (51)
83 (54) 92 (49) 95 (51) 93 (56)
58 (46) 59 (41) 60 (40) 60 (44) <0.001 66 (48) 61 (40) 58 (39) 54 (41) <0.001
64 (38) 107 (44) 145 (55) 230 (104) <0.001 130 (68) 197 (73) 256 (89) 385 (157) <0.001
57 (56) 83 (68) 102 (82) 119 (92)
198 (158) 253 (175) 278 (186) 295 (206) <0.001
31 (29) 35 (25) 37 (24) 41 (26) <0.001 39 (34) 42 (29) 44 (28) 47 (30) <0.001
610 (231) 1246 (175) 1957 (254) 3980 (2085) <0.001 1590 (522) 2885 (333) 4184 (446) 7798 (3586)
Abbreviations: BMI, body mass index; SD, standard deviation. Current and former smokers accounted for 87% of lung cancer cases among men, whereas >88% of cases in women were among never smokers (Table 3) . To explore the effect of potential residual confounding by smoking, we conducted a subgroup analysis within detailed smoking strata including pack-years among current and former male smokers. No significant associations were observed between lung cancer and antioxidant vitamins intake in male never and former smokers. Among male current smokers, positive associations were found between lung cancer and consumption of retinol (HR 5 1.22; 95% CI 5 0.99-1.50; p trend 5 0.030; comparing the highest with the lowest intake quartile) and vitamin C (HR 5 1.19; 95% CI 5 0.88-1.59; p trend 5 0.003). The positive associations remained only among light smokers for retinol (HR 5 1.63; 95% CI 5 0.70-3.81; p trend 5 0.002; comparing the highest with the lowest intake quartile) and heavy smokers for vitamin C (HR 5 1.19; 95% CI 5 0.90-1.57; p trend 5 0.006). Interestingly, there was an inverse association between high a-carotene intake and the cancer risk among male light smokers (HR 5 0.29; 95% CI 5 0.09-0.93; p trend 5 0.041). Contrary to what was observed among men, the highest level of retinol intake was associated with a lower hazard ratio of lung cancer among female current smokers (HR 5 0.51; 95% CI 5 0.18-1.40; p trend 5 0.033). Null associations were observed in every other examined stratum. We examined interactions in all aforementioned stratified analyses; none of these were statistically significant, except for an interaction between histological subtype and retinol intake in women (results shown in Tables 2 and 3 ). Sensitivity analyses which excluded lung cancer cases diagnosed within the first 5 years of follow-up produced a similar direction of associations as the main analyses.
Discussion
In this prospective cohort study, higher consumption of retinol was positively associated with lung cancer risk in men, especially with small cell carcinoma and among current smokers. Although there was no statistically significant interaction with cancer subtypes or smoking status, the possibility of residual confounding by smoking cannot be completely excluded. While our finding of a positive association agrees with studies of retinol supplement use, 29, 30 other cohort studies on dietary retinol intake observed a null association. 19, 31 This may be attributable to the level of retinol consumption, given that mean retinol intake in the highest category in our study (1,121 mcg for men and 1,183 mcg for women) was much higher than that in a study with dietary retinol intake (251.7 mcg) 19 and somewhat comparable to the highest group in a study with retinol supplementation (>1,200 mcg). 29 Main contributors for retinol intake in our study were chicken liver, swine liver and chicken egg, 32 which is likely peculiar to the Japanese diet. The difference in the level of consumption might indeed also explain the null association with b-carotene in our study. Previous randomized controlled trials of b-carotene supplementation, which reported an increased lung cancer risk, had much higher levels of consumption (ranging from 20 mg 15 to 30 mg 16 ) than in our study (3.98 mg for men and 7.80 mg for women), suggesting the possibility that the activities of certain antioxidant nutrients conflict at supranutritional levels. Although the oncogenic mechanisms of the harmful effects of antioxidants have not been completely elucidated, it has been suggested that a high-dose intake of certain antioxidants may act as conditional pro-oxidants under high oxidative stress and exposure to lung irritants such as tobacco smoking and asbestos; and that the activity of an antioxidant is dependent on its redox potential in connection with other pro-and anti-oxidants in its microenvironment. 29, 33 In a recent systematic review of blood concentrations of carotenoids and retinol, higher blood concentrations of b-carotene and retinol were inversely associated with lung cancer risk in men and not in women, 34 which illustrates the need to explore the difference between dietary intake and blood concentration. Furthermore, there are accumulating epidemiologic evidence showing gender differences in susceptibility to lung cancer. 35 Previous study has found a lower level of DNA repair capacity in women leading to a higher level of DNA damage and mutation in the lung tissue, 36 although we were unable to observe significant associations among women in our study. While a recent meta-analysis reported a protective effect of vitamin C in studies from the United States but not in those from Europe or Asia, 37 our results suggested a nonsignificant positive association between vitamin C intake and lung cancer risk. In lung cancer research, residual confounding by smoking is a substantial concern; 87% of our present lung cancer cases in men and 12% in women were in fact among current and past smokers. Furthermore, a close link has been shown between small cell and squamous cell carcinomas and cigarette smoking in Japan 38, 39 ; consistent with this, over 90% of small cell and squamous cell carcinoma cases in our present men were observed among current and past smokers (data not shown). The significant positive associations among current smokers suggest the possibility of residual confounding, although the risk estimates were more perceptible among light than heavy smokers. This should be interpreted with caution as information on pack-years was unavailable in onethird of male smokers. On the other hand, despite limited number of lung cancer cases in women, their findings were less likely biased by residual confounding, given the low prevalence of smoking among women in our cohort.
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Narita et al. and energy-adjusted intakes of fish, isoflavone, vegetables and fruits (continuous). The null associations between vitamin E and pro-vitamin A carotenoids, namely, a-carotene and b-carotene, and lung cancer risk reported in our study are consistent with the WCRF/AICR report. 20 While consumption of foods containing carotenoids has been shown to decrease the risk of lung cancer, 19, 20 this association was not seen in a previous JPHC study due to the small number of lung cancer cases. 18 Furthermore, the direction of risk estimates between men and women showed conflict. This might be in part attributable to the smaller number of lung cancer cases in women and different consumption levels of the antioxidant vitamins, and accordingly warrants further evaluation.
Limitations of this study include the unavailability of information on age of smoking initiation and cessation at the 5-year follow-up survey, as information on pack-years was only available at the baseline survey. Furthermore, the questionnaire did not inquire about the specific details of smoking, such as the presence of passive smoking, depth of inhalation or nicotine dose, which would have helped control the effects of tobacco exposure. Furthermore, information on vitamin intake through supplements was not available in the FFQ and thus could not be included in the analyses. Nevertheless, the questionnaires did ask whether participants took vitamin supplements, and this was included in the final model as a covariate. Moreover, the findings on subgroup analyses should be interpreted with caution and the possibility of a chance finding should be considered, given that the number of lung cancer cases in some of the categories was small and multiple statistical tests were performed. While our FFQ was previously validated against dietary records for 28 days (1-week dietary records measured quarterly) or 14 days 23 and its reproducibility was guaranteed by repeating the same FFQs at a one-year interval, 24 it might produce a less accurate estimation of dietary intake than the 24-hr recall method and thus the possibility of misclassification error cannot be ruled out. However, such misclassification would be unrelated to lung cancer diagnosis and likely nondifferential, and might accordingly have led to underestimation of the true effect. Additionally, we excluded participants who reported a history of any cancer and conducted a sensitivity analysis which excluded lung cancer cases diagnosed in the first 5 years of the follow-up period, which would likely preclude the possibility of bias from undiagnosed or ongoing illnesses. The validity and reproducibility of our FFQ were evaluated as adequate, [23] [24] [25] and were comparable with those in other large-scale prospective cohort studies. 19, 40, 41 Allowing for these limitations, this is the first populationbased cohort study to examine the association between consumption of antioxidant vitamins and lung cancer incidence in Japan. Major strengths of our study are its prospective design, high response rate and long follow-up period. The possibility of recall bias was minimized by the collection of exposure data before diagnosis. Misclassification of lung cancer cases was also unlikely due to the rate of microscopic diagnosis and limited reliance on death certificate notification. Stratified analyses by histological subtype and smoking status yielded novel insights into the potential mechanism by which each antioxidant vitamin influences the pathogenesis of lung cancer differently.
In summary, we found that a higher level of dietary retinol intake was associated with an increased risk of lung cancer in men, whereas null associations were observed for vitamin C, vitamin E, a-carotene and b-carotene. Nevertheless, residual confounding due to smoking cannot be ruled out as the positive association was evident with small cell carcinoma and among current smokers. The possible influence of excessive intake of retinol needs to be explored. Further studies that capture more detailed quantitative information on tobacco smoking would help clarify the impact of antioxidant vitamins and residual confounding on lung carcinogenesis.
